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i t h  ( c u r r e n t  o r  updated)  average  

i t h  sample v a l u e  

temp erat ure-s h i  f t c o r r e c t  i o n  c o n s t a n t  

c o r r e c t e d  b r i d g e  o u t p u t  v o l t a g e  

measured b r i d g e  output  v o l t a g e  

f i c t i v e  no-flow b r i d g e  v o l t a g e  

average  v a l u e  of t h e  measured b r i d g e  v o l t a g e  

sample number 

cons t  a n t  

number of samples 

l o g  s l o p e  (about  0 . 4 5  t y p i c a l  v a l u e )  

o v e r h e a t  r a t i o  ( u s u a l l y  about 1.8) 

average  of q u a n t i t y  a ,  d e f i n e d  by e q u a t i o n s  (15) 

sum of a ( i )  from i = 1 t o  i = N s  

c u r r e n t  f low tempera ture  

c a l i b r a t i o n  f low tempera ture  

c a l i b r a t i o n  v e l o c i t y  

e f f e c t i v e  c o o l i n g  v e l o c i t y  
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C a r t e s i a n  c o o r d i n a t e  d i r e c t i o n s  

w i r e  r e s i s t i v i t y  c o e f f i c i e n t  ( t y p i c a l  v a l u e  f o r  t u n g s t e n  = 0.005 p e r  "C) 

yaw c a l i b r a t i o n  a n g l e  s e t t i n g  

yaw a n g l e  
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[* 1 a n g u l a r  s e n s i t i v i t y  m a t r i x  

S u b s c r i p t s :  

1,2 used t o  d e n o t e  a p a r t i c u l a r  q u a n t i t y  r e f e r r e d  t o  w i r e  1 o r  w i r e  2 

uv ,uw q u a n t i t y  determined i n  uv o r  uw measurement p l a n e  

S u p e r s c r i p t s :  

1 f l u c t u a t i n g  q u a n t i t y ,  e . g . ,  u = U + u ’ ,  o r  used t o  i n d i c a t e  a n  i n t e r -  
media te  q u a n t i t y  (e .g . ,  eq. (11)) 

- t i m e  average  

. 
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SUMMARY 

The r e p o r t  d e s c r i b e s  a system f o r  r a p i d  computerized c a l i b r a t i o n  a c q u i s i t i o n ,  
and p r o c e s s i n g  of  d a t a  from a c r o s s e d  hot-wire  anemometer. Advantages of t h e  sys tem 
are i t s  s p e e d ,  minimal u s e  of  ana log  e l e c t r o n i c s ,  and improved accuracy  of  t h e  r e s u l t -  
i n g  d a t a .  Two components of  mean v e l o c i t y  and t u r b u l e n c e  s t a t i s t i c s  up t o  t h i r d  

c a l i b r a t i o n  p r o c e d u r e s ,  r e s p o n s e  e q u a t i o n s ,  s o f t w a r e ,  and sample r e s u l t s  from measure- 
ments i n  a t u r b u l e n t  p l a n e  mixing l a y e r .  

* 

I o r d e r  are provided by t h e  d a t a  r e d u c t i o n .  The r e p o r t  p r e s e n t s  d e t a i l s  of t h e  hardware,  

1. INTRODUCTION 

A system f o r  r a p i d  computerized a c q u i s i t i o n  and p r o c e s s i n g  of ana log  s i g n a l s  
from a hot-wire  anemometer i s  d e s c r i b e d .  Most of t h e  d i s c u s s i o n  c o n s i d e r s  t h e  
crossed-wire  anemometer; t h e  s i m p l e r  c a s e  of a s i n g l e  wire i s  b r i e f l y  addressed .  The 
o b j e c t i v e  of t h e  work w a s  t o  deve lop  a sys tem f o r  measuring t h e  s t a t i s t i c a l  p r o p e r t i e s  
of t h e  v e l o c i t y  f i e l d  of a moderately t u r b u l e n t ,  two-dimensional,  i n c o m p r e s s i b l e ,  
i s o t h e r m a l  a i r  f low.  This  r e p o r t  i s  in tended  t o  document t h e  system f o r  r e f e r e n c e  i n  
several r e s e a r c h e s  i n  which t h e  system w i l l  be  a p p l i e d .  

A c rossed  hot-wire  probe o p e r a t e d  by cons tan t - tempera ture  b r i d g e s  (CTA) can 
provide  a s i g n a l  from which t h e  two i n s t a n t a n e o u s  components of  v e l o c i t y  and r e l a t e d  
s t a t i s t i c a l  p r o p e r t i e s  of a moderately t u r b u l e n t  f low may b e  d e r i v e d .  T r a d i t i o n a l l y ,  
ana log  hardware i s  used t o  l i n e a r i z e  and process  t h e  s i g n a l s  from m u l t i c h a n n e l  CTA 
systems.  More ana log  hardware i s  r e q u i r e d  t o  p r o c e s s  -- and average  t h e  r e s u l t i n g  s i g -  
n a l s  t o  o b t a i n  t h e  d e s i r e d  s t a t i s t i c s ;  f o r  example, u12 ,v12  and u ' v '  f o r  a crossed-  
w i r e .  The p r e s e n t  r e p o r t  d e s c r i b e s  a more modern approach where in  a l l  n o n l i n e a r  ana- 
l o g  p r o c e s s i n g  hardware i s  r e p l a c e d  by a computerized system f o r  probe  c a l i b r a t i o n ,  
d a t a  a c q u i s i t i o n ,  and r e d u c t i o n .  The approach d e s c r i b e d  d i f f e r s  from t h e  o l d  f u l l y  
ana log  methods i n  t h a t  i t  u s e s  fewer ,  more s t a b l e  e l e c t r o n i c  components, and,  more 
i m p o r t a n t l y ,  i s  much f a s t e r .  Complete c a l i b r a t i o n  and a c q u i s i t i o n  f o r  a t y p i c a l  
20-point p r o f i l e  r e q u i r e d  less t h a n  60 min. C o r r e c t i o n s  ( e . g . ,  o f  ambient tempera ture  
d r i f t )  are e a s i l y  implemented i n  s o f t w a r e .  Although s p e c i f i c  hardware w i t h  p a r t i c u l a r  
response  e q u a t i o n s  a r e  p r e s e n t e d ,  t h e  approach t a k e n  i s  v e r y  g e n e r a l  and could b e  
e a s i l y  adapted t o  d i f f e r e n t  measurement c o n d i t i o n s ,  o t h e r  t y p e s  o f  anemometers, o r  
th ree-wire  probes.  

The e x p e r i m e n t a l  procedure and a p p a r a t u s  a r e  d i s c u s s e d  i n  d e t a i l  i n  t h e  next  
s e c t i o n .  Hot-wire response  e q u a t i o n s  - which g i v e  s i m p l e  b u t  a c c u r a t e  r e l a t i o n s  f o r  
t h e  c o o l i n g  l a w ,  d i r e c t i o n a l  s e n s i t i v i t y ,  and t h e  e f f e c t s  of ambient tempera ture  
d r i f t  - and a l g o r i t h m s  f o r  computing d e s i r e d  s t a t i s t i c a l  s i g n a l  p r o p e r t i e s ,  such as 
mean, v a r i a n c e ,  and h igher -order  c r o s s - c o r r e l a t i o n s ,  are p r e s e n t e d  i n  t h e  t h i r d  
s e c t i o n .  Sample r e s u l t s  from an experiment t o  measure t u r b u l e n c e  q u a n t i t i e s  i n  a 
p lane  mixing l a y e r  a r e  provided i n  t h e  f o u r t h  s e c t i o n ,  and concluding  remarks a r e  
presented  i n  t h e  f i n a l  s e c t i o n .  Sof tware  f o r  b o t h  s i n g l e -  and crossed-wire  systems 
w r i t t e n  i n  BASIC t o  run  on t h e  HP 9845B desk-top computer i s  i n c l u d e d  i n  t h e  appendix.  



2. EXPERIMENTAL PROCEDURE AND APPARATUS 

Experimental  Procedure 

The hardware c o n f i g u r a t i o n  of  t h e  system i s  c o n c e p t u a l l y  s imple  and r e q u i r e s  
l i t t l e  r o u t i n e  ad jus tment .  Two DISA cons tan t - tempera ture  b r i d g e s  were employed 
t o  d r i v e  t h e  c rossed-wires .  A f i x e d  d c  s h i f t  and g a i n  were a p p l i e d  t o  t h e  b r i d g e  
o u t p u t s  which were low-pass f i l t e r e d  ( t o  remove high-frequency e lec t r ica l  n o i s e )  
and t h e n  i n p u t  t o  a b i p o l a r  12-bi t  A/D c o n v e r t e r .  
a sample p u l s e  ( t y p i c a l  sampling ra te  w a s  500 Hz) t o  t h e  A/D which caused t h e  two 
i n p u t s  t o  b e  f r o z e n  ("sample-and-hold") . 
t h e  converted v a l u e s  passed through a m u l t i p l e x e r  t o  a high-speed, 16-bi t  p a r a l l e l  
i n t e r f a c e  t o  t h e  computer. A f t e r  f i l l i n g  t h e  computer 's  d a t a  b u f f e r ,  r a w  d a t a  were 
w r i t t e n  t o  f loppy d i s k .  
s ta t i s t ics .  Before d a t a  a c q u i s i t i o n  began, a complete system c a l i b r a t i o n  check w a s  
performed, and r e l e v a n t  q u a n t i t i e s  were w r i t t e n  t o  t h e  f loppy-d isk  d a t a  f i l e s .  Taking 
up t o  3,000 samples p e r  d a t a  p o i n t  r e q u i r e d  less t h a n  2 min; t h e  c a l i b r a t i o n  procedure 
r e q u i r e d  about 15 min. Thus,  a t y p i c a l  20-point p r o f i l e  r e q u i r e d  less t h a n  a hour f o r  
d a t a  a c q u i s i t i o n  ( i n c l u d i n g  c a l i b r a t i o n ) ,  u s i n g  t h e  program shown h e r e  ( s e e  appendix 
sec. A.1.2). The c u r r e n t  o f f - l i n e  d a t a  r e d u c t i o n  program ( s e e  appendix sec. A.1.3) 
t o o k  about 45 min t o  reduce t h e s e  d a t a .  

An e x t e r n a l  c l o c k  genera ted  

These channels  were s e q u e n t i a l l y  conver ted ;  

1 

The r a w  d a t a  were reduced o f f - l i n e  t o  p r o v i d e  t h e  s i g n a l  

Simple but  e s t a b l i s h e d  models have been implemented t o  d e s c r i b e  t h e  s e n s i t i v i t y  
of  t h e  cons tan t - tempera ture  hot-wire  t o  v a r i a t i o n s  i n  f low v e l o c i t y ,  w i r e  o r i e n t a -  
t i o n ,  and ambient tempera ture  d r i f t .  The r e l a t i o n s  s e l e c t e d  are a p p l i c a b l e  t o  
i n c o m p r e s s i b l e ,  i s o t h e r m a l  f low of "clean" ( f i l t e r e d )  a i r  o v e r  a f i n e  w i r e  w i t h  
"moderate" l o c a l  t u r b u l e n c e  i n t e n s i t y  ( l e s s  t h a n  about  30%) and n e g l i g i b l e  i n s t a n -  
taneous l o c a l  f low reversal  frequency.  King 's  l a w  w a s  used t o  provide  a r e l a t i o n  
between t h e  " e f f e c t i v e "  c o o l i n g  v e l o c i t y  and t h e  b r i d g e  o u t p u t .  A ' ' cosine law" w a s  
used t o  r e l a t e  t h e  e f f e c t i v e  c o o l i n g  v e l o c i t y  t o  t h e  magnitude and d i r e c t i o n  of  t h e  
v e l o c i t y  v e c t o r .  The e n t i r e  c a l i b r a t i o n  was s h i f t e d  t o  account  f o r  t h e  e f f e c t s  of 
s m a l l  ambient tempera ture  changes o v e r  t h e  c o u r s e  of a r u n ,  based on t h e  overhea t  
r a t i o  and w i r e  r e s i s t i v i t y .  Once t h e  King ' s  law c a l i b r a t i o n  w a s  implemented and 
s h i f t e d  f o r  ambient tempera ture  d r i f t ,  t h e  e f f e c t i v e  v e l o c i t i e s  measured by each w i r e  
were used t o  s o l v e  f o r  t h e  i n s t a n t a n e o u s  v e l o c i t y  components i n  t h e  measurement p lane  
by i n v e r t i n g  t h e  a n g u l a r  s e n s i t i v i t y  mat r ix .  
v e l o c i t y  components were used t o  form t h e  s t a t i s t i c a l  p r o p e r t i e s  of t h e  s i g n a l .  Com- 
puted r e s u l t s  i n c l u d e d  t h e  mean and v a r i a n c e ,  a s  w e l l  a s  second- and t h i r d - o r d e r  
c r o s s - c o r r e l a t i o n s  ( i . e . ,  u ,  v ,  u ' 2 ,  v f 2 ,  u ' v '  , u ' z v ,  v12u '  f o r  w i r e s  i n  t h e  u-v 
p l a n e ) .  

Then t h e  i n s t a n t a n e o u s  v a l u e s  of t h e  

_ _ - I _ - - -  

Exp er iment  a1 Ap p ar a t  us 

F i g u r e  1 shows t h e  sys tem hardware s c h e m a t i c a l l y  and provides  a l i s t  of compo- 
nent  manufac turers  and model numbers. I n  t h e  f o l l o w i n g  d i s c u s s i o n  of  t h e  hardware,  
, the  system is d i v i d e d  i n t o  f o u r  areas: (1) probes used,  (2) DISA b r i d g e s  and 
s i g n a l  c o n d i t i o n e r s ,  ( 3 )  NASA LDV-A/D computer i n t e r f a c e ,  and ( 4 )  HP computer i n t e r -  
f a c e ,  desk-top computer,  and f loppy-disk  d r i v e .  L i t t l e  e x p l i c i t  mention w i l l  b e  made 
of t h e  d i g i t a l  v o l t m e t e r  o r  o s c i l l o s c o p e ,  which are used t o  monitor  t h e  analog s i g -  
n a l s ,  o r  of t h e  p u l s e  g e n e r a t o r ,  which provides  a sample t r i g g e r  t o  t h e  A/D c o n v e r t e r .  

Crossed-wire probes- M i n i a t u r e  crossed-wire  probes were manufactured in-house a t  
Ames. These probes had two nominal ly  p e r p e n d i c u l a r  wires mounted a t  angles  of  about 

2 



245" t o  t h e  probe stem ( s e e  f i g .  2 ) .  The p l a n e s  t h a t  c o n t a i n  e;ch w i r e  and i t s  two 
s u p p o r t  n e e d l e s  were p a r a l l e l  and s e p a r a t e d  by about  1 mm. 
t u n g s t e n  e lements  about 1 mm long;  t h e y  were welded t o  t h e  s u p p o r t s .  The "cold" 
(room-temperature) r e s i s t a n c e  of  e a c h  w i r e  w a s  about  5 ohms, and t h e  o p e r a t i n g  over- 
h e a t  r a t i o  used w a s  1.8 ( r a t i o  of h o t ,  o r  o p e r a t i n g ,  r e s i s t a n c e  t o  c o l d ,  o r  unhea ted ,  
w i r e  r e s i s t a n c e ) .  The probe t i p s  were mounted i n  a stem which w a s  i n  t u r n  h e l d  i n  a 
r o t a t i n g  c o l l a r .  A spr ing-loaded mechanism i n  t h e  c o l l a r  could b e  r o t a t e d  t o  yaw t h e  
probe i n  f i v e  f i x e d  p o s i t i o n s  i n  5"  increments .  I n  t h i s  way, yaw c a l i b r a t i o n  o f  t h e  
w i r e  w a s  performed. Of ten  it  w a s  convenient  t o  mount t h e  probe  so  t h a t  the. a x i s  of 
r o t a t i o n  of t h e  c o l l a r  w a s  p a r a l l e l  ( r a t h e r  t h a n  p e r p e n d i c u l a r )  t o  t h e  d e s i r e d  p l a n e  
of measurement. 
performed i n  t h e  u-w p l a n e ,  bu t  t h e  probe  w a s  t h e n  r o t a t e d  about t h e  s t e m  a x i s  f o r  
measurement i n  t h e  u-v p l a n e  ( s e e  Summary: C a l i b r a t i o n  and Data-Acquis i t ion  Proce- 
d u r e  i n  t h e  next  s e c t i o n ) .  

The w i r e s  were 5-pm 

Then a s p e c i a l  p rocedure  was used where in  t h e  yaw c a l i b r a t i o n  was 

Bridges and s i g n a l  c o n d i t i o n e r s -  Two D I S A  55D31 b r i d g e s  were used t o  o p e r a t e  t h e  
c r o s s e d  hot-wires  a t  c o n s t a n t  tempera ture .  The c a b l e  r e s i s t a n c e  was compensated f o r  
u s i n g  a s h o r t i n g  probe.  The probe r e s i s t a n c e  was measured, and t h e  o p e r a t i n g  resis- 
t a n c e  of  each probe w a s  set  a t  1.8 t i m e s  t h e  co ld  r e s i s t a n c e ;  t h i s  i s  a nominal v a l u e ,  
because t h e  o p e r a t i n g  r e s i s t a n c e  was not  changed t o  account  f o r  d a i l y  changes i n  
ambient tempera ture .  However, t h e  f requency response  was checked d a i l y  as d e s c r i b e d  
below. 

The frequency response  of e a c h  channel  was opt imized u s i n g  t h e  i n t e r n a l  1-kHz 
square-wave g e n e r a t o r  and v a r y i n g  t h e  b r i d g e  g a i n  ( a s  w e l l  as t h e  c a b l e  compensation 
a d j u s t m e n t s ) .  T y p i c a l l y ,  t h e  "3-dB-down" p o i n t  was about 20 kHz on each channel  
(Freymuth method).  A b r i d g e  g a i n  of 4 and an HF f i l t e r  s e t t i n g  of  2 were u s u a l  v a l u e s .  
The b r i d g e  o u t p u t  v o l t a g e  ranged from about  3 V (no-flow) t o  about 4.7 V (25 m/sec 
flow v e l o c i t y ) ;  s i n c e  t h e  i n p u t  v o l t a g e  range  of t h e  a v a i l a b l e  A I D  c o n v e r t e r  was 
-10 t o  +10 V ( w i t h  12-bi t  r e s o l u t i o n ) ,  l i n e a r  s i g n a l  c o n d i t i o n i n g  e lements  were used 
t o  o b t a i n  b e t t e r  r e s o l u t i o n  o f  t h e  b r i d g e  o u t p u t  v o l t a g e .  

Commercial s i g n a l  c o n d i t i o n s  manufactured by D I S A  (model 55D26) w e r e  used t o  d c  
s h i f t ,  t o  a m p l i f y ,  and t o  low-pass f i l t e r  t h e  b r i d g e  o u t p u t s  b e f o r e  A I D  conversion.  
A dc s h i f t  of about 4 V and a g a i n  of  10 were a p p l i e d  t o  each c h a n n e l ,  y i e l d i n g  a 
v o l t a g e  c o v e r i n g  most of t h e  210-V range of t h e  12-bi t  AID c o n v e r t e r .  Note t h a t  t h e  
exac t  values  of t h e  g a i n  and o f f s e t  used were c a l i b r a t e d  d u r i n g  s e t u p  of  the system 
f o r  each r u n  ( s e e  t h e  d e s c r i p t i o n  of t h e  s o f t w a r e  below),  so t h a t  i t  was n o t  n e c e s s a r y  
f o r  t h e  a c t u a l  ga in  o r  o f f s e t  t o  be determined from t h e  nominal s e t t i n g s .  The low- 
pass  f i l t e r  c u t o f f  w a s  10 kHz w i t h  18 dB/octave r o l l - o f f ;  t h e  high-pass s t a g e  was set  
t o  " d i r e c t  . I t  The f i l t e r i n g  was i n t e n d e d  t o  e l i m i n a t e  s p u r i o u s  e l e c t r i c a l  n o i s e  which 
would contaminate  measurements o f  low t u r b u l e n c e  i n t e n s i t y .  

NASA LDV-AID computer i n t e r f a c e -  Two channels  of t h e  A I D  convers ion  s t a g e  of t h e  
NASA LDV-AID computer i n t e r f a c e  ( r e f .  1) were used t o  c o n v e r t  t h e  c o n d i t i o n e d  s i g n a l s  
t o  d i g i t a l  form and m u l t i p l e x  them t o  t h e  HP computer i n t e r f a c e  ( d e s c r i b e d  below). 
F i g u r e  1 shows how t h e  NASA LDV-A/D f i t s  i n t o  t h e  measurement sys tem,  and f i g u r e  3 
g i v e s  t h e  d e t a i l s  of t h e  v a r i o u s  s e t t i n g s  and c o n n e c t i o n s  f o r  t h e  i n t e r f a c e .  A sample 
p u l s e  was genera ted  by a T e k t r o n i x  PG 508 p u l s e  g e n e r a t o r  and a p p l i e d  t o  t h e  "chan- 
n e l  1 event"  and " e x t e r n a l  reset" i n p u t s .  T h i s  s i g n a l  a c t e d  as a sampling t r i g g e r  t o  
i n i t i a t e  a "sample-and-hold" of t h e  two AID i n p u t s  when t h e  i n t e r f a c e  w a s  enabled by 
t h e  computer s e t t i n g  "CTLO." 

Four 16-bi t  TTL d a t a  words were t h e n  m u l t i p l e x e d  t o  t h e  computer. The f i r s t  word 
gave t h e  t i m e  between samples (a  count dependent on t h e  o p e r a t i n g  mode ( s e e  r e f .  1 f o r  
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d e t a i l s ) ) ;  t h e s e  d a t a  were t y p i c a l l y  d i s c a r d e d  a f t e r  v e r i f y i n g  t h a t  t h e  nominal sample 

checked t h e n  d i s c a r d e d .  The t h i r d  and f o u r t h  words were t h e  two channels  of anemom- 
e t r y  d a t a  i n  d i r e c t l y  computer-compatible i n t e g e r  r e p r e s e n t a t i o n .  
w a s  used had o n l y  12 b i t s  of  r e s o l u t i o n ,  t h i s  r e q u i r e d  t h a t  t h e  upper 4 b i t s  b e  e i t h e r  
a l l  0 ' s  o r  a l l  l ' s ,  depending on whether  t h e  conver ted  v o l t a g e  w a s  p o s i t i v e  o r  nega- 
t ive ,  r e s p e c t i v e l y .  
-2,048 t o  +2,047, i n c l u s i v e .  

I rates were a c t u a l l y  a t t a i n e d .  The second word gave s t a t u s  i n f o r m a t i o n ;  i t  w a s  a l s o  

S i n c e  t h e  A/D t h a t  

Thus,  t h e  conver ted  A/D d a t a  could take on i n t e g e r  v a l u e s  o f  

An impor tan t  f e a t u r e  of  t h e  NASA LDV-A/D hardware w a s  t h e  f a s t  sample-and-hold 
hardware.  The measurement s t r a t e g y  r e q u i r e d  t h a t  t h e  two channels  be sampled simul- 
t a n e o u s l y  s o  t h a t  t h e  i n s t a n t a n e o u s - v e l o c i t y  v e c t o r  components i n  t h e  measurement 
p l a n e  could b e  determined.  S i n c e  t h e  frequency response  of t h e  anemometer was l i m i t e d  
t o  about 20 kHz, i t  w a s  d e s i r a b l e  t h a t  t h e  two s i g n a l s  b e  sampled w i t h i n ,  s a y ,  10 p s e c  
o r  so .  
i n p u t  ana log  s i g n a l  w i t h i n  0.5 psec o f  r e c e i v i n g  t h e  sample t r i g g e r .  
convers ion  and m u l t i p l e x i n g  could t a k e  p l a c e  asynchronously ( a s  l o n g  as a l l  f o u r  words 
were passed b e f o r e  t h e  n e x t  sample p u l s e ) .  
14 psec were r e q u i r e d .  

. 
The sample-and-hold hardware i n  t h e  LDV-A/D w a s  c a p a b l e  of  l o c k i n g  i n  t h e  

Then t h e  A/D 

For each  A/D convers ion ,  a minimum of 

HP computer and p a r a l l e l  i n t e r f a c e -  Mult iplexed d a t a  were passed t o  t h e  HP com- 
p u t e r  from t h e  NASA LDV-A/D u s i n g  t h e  HP 980328 high-speed 16-bi t  p a r a l l e l  i n t e r f a c e .  
Jumpers l a b e l e d  "9 ,B ,D"  w e r e  connected i n s i d e  t h e  980328 f o r  proper  o p e r a t i o n  w i t h  
t h e  LDV-A/D. A se lect  code o f  10 (screw s e t t i n g  on t h e  98032A) w a s  set f o r  u s e  w i t h  

I t h e  s o f t w a r e  d e s c r i b e d  i n  t h e  appendix.  

I 
A d a t a  b u f f e r  o f  24 kbytes  w a s  provided i n  t h e  memory of  t h e  HP 9845B desk-top 

computer f o r  s t o r a g e  of up t o  3,000 samples o b t a i n e d  from one measurement l o c a t i o n  
( four  words o f  2 b y t e s  each  are passed from t h e  LDV-A/D). 

words passed f o r  each  sample were merely monitored and d i s c a r d e d  as d e s c r i b e d  above, 
12 kbytes  o f  r a w  d a t a  remained t o  b e  s t o r e d  f o r  each  p o i n t .  An HP 9895A f loppy-disk 
d r i v e  was used f o r  a r c h i v a l  s t o r a g e  of  raw d a t a .  The b u f f e r e d  d a t a  w e r e  w r i t t e n  i n  
real  time t o  a s e q u e n t i a l - a c c e s s  f loppy-disk f i l e .  Enough header  i n f o r m a t i o n  w a s  
w r i t t e n  t o  each f i l e  t o  i d e n t i f y  t h e  r u n ,  as w e l l  as t o  reproduce  c a l i b r a t i o n  t a b l e s  
and c o r r e c t  f o r  ambient tempera ture  d r i f t .  About 1 min p e r  p o i n t  w a s  r e q u i r e d  f o r  
s t o r i n g  t h e  d a t a  on f loppy d i s k .  

S i n c e  two of t h e  f o u r  d a t a  

F a i r l y  r a p i d  and s i m p l e  d a t a  b u f f e r i n g  w a s  p o s s i b l e  w i t h  t h e  HP computer,  u s i n g  
convenient  h i g h - l e v e l  commands. Sampling rates as h i g h  as 10,000 samples p e r  second 
were used ( i n d i c a t i n g  i n t e r f a c e  t r a n s f e r  rates 4 t i m e s  as h i g h  i n  16-b i t  words p e r  
second) .  Direct memory access (DMA) was  n o t  used;  t h e  p r o c e s s o r  w a s  s imply  d e d i c a t e d  
t o  t h e  real-time t a s k .  

. 
The system d e s c r i b e d  above w a s  a l s o  s t r e a m l i n e d  f o r  t h e  s i m p l i f i e d  case of  s i n g l e -  

channel ,  hot-wire  anemometry. Of c o u r s e ,  j u s t  h a l f  t h e  hardware shown b e f o r e  t h e  A/D - 
i n  f i g u r e  1 was needed. The c a l i b r a t i o n  procedure c o n s i s t e d  of s imply s e t t i n g  up t h e  
s i g n a l  c o n d i t i o n e r  and compil ing t h e  King 's  law d a t a .  
implemented, s i n c e  t h i s  could b e  done r a p i d l y  w i t h  o n l y  one  channel .  Thus,  t h e  
look-up t a b l e  was c o n s t r u c t e d  immediately f o l l o w i n g  t h e  s t a t i c  v e l o c i t y  c a l i b r a t i o n  
and implemented a f t e r  f i l l i n g  each d a t a  b u f f e r .  Mean and f l u c t u a t i n g  v a l u e s  of 
v e l o c i t y  were s t o r e d ;  raw d a t a  were n o t  u s u a l l y  a rch ived .  

On-line d a t a  r e d u c t i o n  w a s  

A DISA 5 5 P l l  , plat inum-plated , t u n g s t e n  hot-wire  w a s  used f o r  t h e  s i n g l e - w i r e  
I work. The overhea t  r a t i o  and b r i d g e  s e t u p  were e x a c t l y  as d e s c r i b e d  earlier. The 
I BASIC program t o  r u n  t h e  s i n g l e - w i r e  anemometry system i s  provided  i n  t h e  appendix. 
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3 .  CROSSED-HOT-WIRE RESPONSE EQUATIONS 

Simple r e l a t i o n s  t h a t  d e s c r i b e  t h e  r e s p o n s e  of a f i n e ,  h e a t e d  w i r e  t o  varia- 
t i o n s  i n  f low v e l o c i t y ,  o r i e n t a t i o n ,  and ambient tempera ture  d r i f t  have been incor -  
pora ted  i n t o  t h e  o f f - l i n e  d a t a  r e d u c t i o n  program. Of c o u r s e ,  t h e  e q u a t i o n s  selected 
have a s t r o n g  e f f e c t  on t h e  t y p e  of c a l i b r a t i o n  performed and on t h e  accuracy  of  t h e  
r e s u l t s .  The response  e q u a t i o n s  are f i r s t  d i s c u s s e d  s e p a r a t e l y ,  t h e  c a l i b r a t i o n  
procedure i s  summarized, and t h e  a l g o r i t h m s  a c t u a l l y  used f o r  implementing t h e  
response  e q u a t i o n s  and computing t h e  s i g n a l  s t a t i s t i c s  a r e  t h e n  given.  

m 

S t a t i c  V e l o c i t y  Response: King ' s  Law 

The e f f e c t i v e ,  i n s t a n t a n e o u s  w i r e  v e l o c i t y  was assumed t o  b e  r e l a t e d  t o  t h e  
b r i d g e  o u t p u t  v o l t a g e  by t h e  g e n e r a l i z e d  King 's  law: 

T h i s  i s  an approximate r e l a t i o n  which has  been determined t o  b e  f a i r l y  a c c u r a t e  i n  
d e s c r i b i n g  t h e  s teady-f low h e a t  l o s s  o v e r  c y l i n d e r s  i n  cross-f low; t h e  ( c o n s t a n t )  
v a l u e  of t h e  l o g  s l o p e  n s e l e c t e d  ( 0 . 4 5 )  provides  a good f i t  t o  exper imenta l  d a t a  
a t  moderate-to-low Reynolds numbers, based on w i r e  d i a m e t e r .  Our s teady-f low c a l i b r a -  
t i o n  d a t a  f i t  King ' s  law w i t h  a n  rms e r r o r  of 0.5% over  t h e  range of 5-25 m/sec. 
Although s imple  i n t e r p o l a t i o n  o r  polynomial f i t  o f  t h e  c a l i b r a t i o n  may seem e q u a l l y  
a c c e p t a b l e ,  t h e  l o g - l i n e a r  King 's  l a w  f i t  p rovides  a qu ick  way t o  e v a l u a t e  whether  
t h e  c a l i b r a t i o n  i s  " t y p i c a l , "  and i t  smooths minor " j i t ter ' '  i n  t h e  c a l i b r a t i o n  d a t a .  
Also,  t h e  King 's  l a w  c a l i b r a t i o n  may b e  c o n f i d e n t l y  e x t r a p o l a t e d  s l i g h t l y  o u t s i d e  t h e  
range of t h e  a c t u a l  c a l i b r a t i o n  d a t a .  

Yaw S e n s i t i v i t y :  Cosine Law 

The ' ' e f f e c t i v e  c o o l i n g  v e l o c i t y ' '  i s  t a k e n  t o  be t h a t  component of t h e  v e l o c i t y  
v e c t o r  p e r p e n d i c u l a r  t o  t h e  w i r e .  T h i s  assumption i m p l i e s  t h a t  a w i r e  yawed i n  a 
uniform c o n s t a n t - v e l o c i t y  stream w i l l  respond t o  an  e f f e c t i v e  flow v e l o c i t y  t h a t  i s  
p r o p o r t i o n a l  t o  t h e  c o s i n e  o f  t h e  yaw a n g l e  ( s e e  f i g .  2 f o r  nomenclature) .  Neglec t ing  
t h e  a x i a l  component of  v e l o c i t y  (a long  t h e  w i r e  a x i s )  i s  s t r i c t l y  an  approximation - 
one t h a t  i s  o f t e n  made, however, and one t h a t  works q u i t e  w e l l  f o r  moderately turbu-  
l e n t  f lows.  

' 'ef f = / V I  cos $ 

For two wires  a t  a n g l e s  +1 and + 2  t o  t h e  r e f e r e n c e  c o o r d i n a t e  d i r e c t i o n ,  t h e  fol low- 
i n g  two e q u a t i o n s  r e s u l t  , i f  s e n s i t i v i t y  t o  out-of-plane v e l o c i t y  f l u c t u a t i o n s  i s  
n e g l e c t e d  : 

Here u and v a re  t h e  i n s t a n t a n e o u s  v e l o c i t y  components i n  t h e  measurement p lane .  
Note t h a t  U e f f  f o r  each w i r e  may b e  found immediately from t h e  King 's  l a w  
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c a l i b r a t i o n ;  o n l y  t h e  b r i d g e  v o l t a g e  must b e  known. A matrix fGrm more convenient  f o r  
d i s c u s s i o n  o r  g e n e r a l i z a t i o n  i s  

The e n t r i e s  f o r  t h e  a n g u l a r  s e n s i t i v i t y  m a t r i x  are found by a yaw-ca l ibra t ion  proce- 
d u r e  d e s c r i b e d  below. Then, t h e  i n v e r s e  of  t h i s  m a t r i x  is  computed once and s t o r e d .  
S o l u t i o n  f o r  t h e  i n s t a n t a n e o u s  v e l o c i t y  components is  simple:  

The e x p l i c i t  s o l u t i o n  of e q u a t i o n  ( 3 )  g i v e s  t h e  e q u a t i o n s  a c t u a l l y  used t o  compute t h e  
i n s t a n t a n e o u s  v e l o c i t y  components: w 

Temper a t  u r  e D r i  f t C o r r e c t  i o n  

I 

Temperature d r i f t  of a few d e g r e e s  Fahrenhei t  i s  commonly encountered and has  
some e f f e c t  on measurement accuracy  s i n c e  t h e  probe i s  o p e r a t e d  a t  c o n s t a n t  tempera- 
t u r e .  For t y p i c a l  wire-overheat  r a t i o s  and s e n s o r  r e s i s t i v i t y  p r o p e r t i e s ,  t h e  t e m -  
p e r a t u r e  d i f f e r e n c e  between t h e  w i r e  and f low i s  a few hundred d e g r e e s  F a h r e n h e i t ,  so 
t h a t  a few d e g r e e s  d r i f t  w i l l  change t h e  perce ived  h e a t - t r a n s f e r  c o e f f i c i e n t  between 
w i r e  and f low by a p e r c e n t  o r  s o .  A small c o r r e c t i o n  t o  t h e  b r i d g e  v o l t a g e  i s  
a p p l i e d  t o  account f o r  t h i s  v a r i a t i o n  i n  ambient tempera ture :  

- 
a ) E C  Emeas - 

2(0HR) (T - Teal E c o r r  - 
m e  as E 

where C r e p r e s e n t s  t h e  p e r c e n t  s h i f t  r e q u i r e d  f o r  t h e  i n s t a n t a n e o u s  b r i d g e  v o l t a g e  - 
f i x e d  by t h e  o p e r a t i n g  parameters  and cur ren t - f low tempera ture .  S i n c e  f l u c t u a t i o n s  i n  
t h e  b r i d g e  v o l t a g e  a r e  f a i r l y  s m a l l ,  a f u r t h e r  s i m p l i f y i n g  approximation i s  t h a t  t h e  
i n s t a n t a n e o u s  b r i d g e  v o l t a g e  can be s imply  s h i f t e d  by t h e  f i x e d  p e r c e n t a g e  of t h e  
average o u t p u t  v o l t a g e .  Then t h e  c a l i b r a t i o n  i s  e a s i l y  implemented a f t e r  t h e  s h i f t  i s  
computed and a p p l i e d  t o  each v o l t a g e  r e a d i n g .  The e q u a t i o n  a c t u a l l y  used i s  t h e n  

meas = E  + C x E  co rr m e  as E 

Note t h a t  each v o l t a g e  r e a d i n g  i s  c o r r e c t e d  f o r  ambient tempera ture  changes.  The 
c o r r e c t i o n  w i l l ,  t h e r e f o r e ,  i n f l u e n c e  b o t h  mean and f l u c t u a t i n g  time-averaged r e s u l t s ,  
a s  i t  should .  
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Summary: C a l i b r a t i o n  and Data-Acquis i t ion  Procedure 

F igu re  4 shows a f lowchar t  t h a t  r e p r e s e n t s  t h e  v e r b a l  d e s c r i p t i o n  of t h e  c a l i b r a -  
t i o n  and d a t a - a c q u i s i t i o n  procedure  below. 
performed f o r  each channel :  
s i g n a l  c o n d i t i o n e r ;  (2)  s t a t i c  c a l i b r a t i o n  f o r  de t e rmin ing  t h e  King 's  l a w  c o n s t a n t s ;  
(3 )  yaw c a l i b r a t i o n  w i t h  w i r e s  i n  t h e  u-w p lane ;  and (4)  r e c a l i b r a t i o n  t o  de te rmine  
t h e  e f f e c t i v e  a n g l e  i n  t h e  measurement p l ane  ( i f  d i f f e r e n c t  from t h e  u-w p l a n e ) .  
Data a c q u i s i t i o n  w i t h  t h e  c a l i b r a t e d  system c o n s i s t e d  of a c q u i r i n g  t h e  d a t a  from t h e  
two channels  i n  a b u f f e r  t h e n  dumping t h e  b u f f e r  w i t h  i d e n t i f y i n g  in fo rma t ion  t o  a 
f loppy-disk  f i l e .  

The c a l i b r a t i o n  c o n s i s t e d  of f o u r  s t e p s  
(1)  i n -p l ace  c a l i b r a t i o n  of t h e  A/D c o n v e r t e r  and D I S A  

The shor t ed - inpu t  r ead ing  of t h e  A/D c o n v e r t e r  can d r i f t  a few b i t s  from t h e  
nominal v a l u e  of 0 and w a s ,  t h e r e f o r e ,  checked f o r  each run .  Then a r e f e r e n c e  dc 
v o l t a g e  w a s  measured w i t h  t h e  s i g n a l  c o n d i t i o n e r s  bypassed.  An o f f s e t  v a l u e  w a s  t h e n  
f i x e d  on t h e  dc  o f f s e t  s t a g e  of t h e  DISA 55D26 c o n d i t i o n e r  and t h e  o f f s e t  w a s  deduced 
by measuring t h e  A/D v a l u e  f o r  t h e  known r e f e r e n c e  w i t h  added o f f s e t .  
ga in  w a s  app l i ed  t o  t h e  o f f s e t  r e f e r e n c e  v o l t a g e  through t h e  a m p l i f i e r  s e c t i o n  of t h e  
DISA c o n d i t i o n e r .  The e f f e c t i v e  v a l u e  of t h e  ga in  f a c t o r  could b e  deduced s i n c e  t h e  
i n p u t  r e f e r e n c e  v o l t a g e  and o f f s e t  w e r e  a c c u r a t e l y  known. From t h e  known c a l i b r a t i o n  
c o n s t a n t s ,  t h e  b r i d g e  output  v o l t a g e  could be a c c u r a t e l y  computed from t h e  measured 
AID conver ted  v a l u e .  

F i n a l l y ,  a 

S t a t i c  c a l i b r a t i o n  of t h e  w i r e  v e l o c i t y  response  w a s  performed w i t h  t h e  w i r e  a t  
f i x e d  o r i e n t a t i o n  i n  a s t e a d y  f low of v a r i a b l e  v e l o c i t y .  Note,  however, t h a t  t h e  
a c t u a l  o r i e n t a t i o n  i s  no t  y e t  known, b u t  i s  t o  be determined through c a l i b r a t i o n .  I f  
t h e  c a l i b r a t i o n  v e l o c i t y  i s  t aken  t o  be U ,  t h e n ,  from equa t ion  ( 2 ) ,  

U e f f  = u cos  q 

where I$ is  t h e  a n g l e  between t h e  c a l i b r a t i o n  v e l o c i t y  v e c t o r  and t h e  w i r e .  We f i rs t  
a l igned  t h e  probe s o  t h a t  t h e  wires l a y  i n  t h e  u-w p lane ;  t h i s  w i r e  a n g l e  i s  c a l l e d  
quw. With equa t ion  ( l ) ,  t h i s  y i e l d s  

U = K' (E2 - Eo) 2 1 / n  
UW 

where 

K'  = K/(cos qUw) uw 

Thus,  t h e  c o n s t a n t s  
l e a s t - s q u a r e  f i t  of t h e  c a l i b r a t i o n  d a t a  w i t h  n s p e c i f i e d  (n is  dependent on t h e  
c a l i b r a t i o n  range;  w e  used n = 0.45 f o r  5 < U < 25 m/sec) .  Next,  qUw w a s  d e t e r -  
mined v i a  d i r e c t  yaw c a l i b r a t i o n  ( see  below);  K w a s  t h e n  computed from equa t ion  (11) .  

K& and E: were determined from a s t r a i g h t f o r w a r d ,  l i n e a r ,  

The wires are now set a t  v a r i o u s  known a n g l e s  t o  t h e  c a l i b r a t i o n  f low i n  o r d e r  t o  
The c a l i b r a t i o n  v e l o c i t y  was he ld  c o n s t a n t  de te rmine  t h e  " e f f e c t i v e "  w i r e  a n g l e  Jlw. 

i n  magnitude and d i r e c t i o n  a t  a v a l u e  of  about  70% of t h e  maximum c a l i b r a t i o n  v e l o c i t y .  
I f  t h e  yaw ang le  r e l a t i v e  t o  t h e  e f f e c t i v e  a n g l e  qUw i s  denoted 6 ,  t h e n  equa- 
t i o n  (3) can be  used t o  d e r i v e  an e q u a t i o n  t h a t  relates t h e  b r i d g e  ou tpu t  f o r  6 = 0 
t o  t h e  o u t p u t  f o r  a p a r t i c u l a r  v a l u e  of 6 ;  r e a r r a n g i n g  y i e l d s  an e x p r e s s i o n  f o r  t h e  
e f f e c t i v e  wire a n g l e  qUw: 
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I n  p r a c t i c e ,  w e  computed $* f o r  f o u r  d i f f e r e n t  v a l u e s  of  d e l t a  of  - l o " ,  -5" ,  5 " ,  
and 10".  These r e s u l t s  were averaged t o  g e t  t h e  v a l u e  of  $uw. 

Now t h e  system i s  c a l i b r a t e d  f o r  measurement i n  t h e  u-w p lane .  When measure- 
ments i n  t h e  u-v p l a n e  were d e s i r e d ,  one f u r t h e r  s t e p  w a s  r e q u i r e d .  The probe s t e m  
was f i r s t  r o t a t e d  90" t o  p o s i t i o n  t h e  wires i n  t h e  u-v p lane .  A t  t h i s  p o i n t ,  t h e  
e f f e c t i v e  w i r e  a n g l e  $uv i s  unknown; a l t h o u g h  $uv would b e  nominal ly  t h e  same a s  
QUw, i t  can b e  s l i g h t l y  d i f f e r e n t  because of s l i g h t  p i t c h i n g  of  t h e  probe s t e m .  
Another s t a t i c  v e l o c i t y  c a l i b r a t i o n  w a s  performed as d e s c r i b e d  above. However, t h i s  
t i m e  
by l i n e a r  l e a s t - s q u a r e  f i t ,  t h e n  $,, w a s  computed as before :  

n and E: were f i x e d  when t h e  King 's  l a w  was f i t t e d  t o  t h e  d a t a ;  I& w a s  found 

Data a c q u i s i t i o n  now t o o k  p l a c e .  I d e n t i f y i n g  i n f o r m a t i o n  r e g a r d i n g ,  f o r  example, r u n  
number and probe p o s i t i o n ,  w a s  e n t e r e d  from t h e  keyboard. The c u r r e n t  f low tempera- 
t u r e  (measured w i t h  a thermocouple and d i g i t a l  r e a d o u t )  w a s  a l s o  e n t e r e d  from t h e  
keyboard. Then t h e  d a t a  b u f f e r  would be f i l l e d .  A few samples w e r e  used t o  compute 
t h e  average  b r i d g e  v o l t a g e  f o r  u s e  i n  computing t h e  tempera ture  s h i f t .  The tempera- 
t u r e  c o r r e c t i o n  s h i f t  w a s  w r i t t e n  t o  t h e  f loppy-d isk  d a t a  f i l e  a l o n g  w i t h  t h e  i d e n t i -  
f y i n g  i n f o r m a t i o n ,  c a l i b r a t i o n  d a t a ,  and t h e  r a w  d a t a  b u f f e r ;  25 k b y t e s  were provided 
f o r  each d a t a  f i l e .  Probe c a l i b r a t i o n s  w e r e  f a i r l y  s t a b l e  and r e p e a t a b l e  f o r  s e v e r a l  
hours  of  running ,  s o  t h a t  60-100 d a t a  p o i n t s  could b e  reduced u s i n g  t h e  same c a l i b r a -  
t i o n  c o n s t a n t s  w i t h  t h e  ambient d r i f t  c o r r e c t i o n .  

Computation of S i g n a l  S t a t i s t i c s  

F i g u r e  5 i s  a f l o w c h a r t  o f  t h e  d a t a - r e d u c t i o n  a l g o r i t h m  f o r  computing s i g n a l  
s t a t i s t i c s .  S t a r t i n g  w i t h  raw d a t a  w r i t t e n  i n t o  f loppy-disk f i l e s  as d e s c r i b e d  above, 
t h e  d a t a  r e d u c t i o n  began w i t h  c o n s t r u c t i o n  of a look-up t a b l e  from which a v e l o c i t y  
could b e  ass igned  t o  any r a w  A/D v o l t a g e .  

t i v e  f low v e l o c i t y ,  U e f f .  Then, a f t e r  adding t h e  tempera ture  c o r r e c t i o n  s h i f t  t o  each  
r e a d i n g ,  t h e  t a b l e  w a s  e n t e r e d  f o r  every  raw da ta  sample.  The r e s u l t  f o r  a s i n g l e  
reading  would be two v a l u e s  of U e f f  - one from each channel  of  t h e  c r o s s e d  w i r e s .  
Equat ion (6 )  w a s  t h e n  used t o  compute t h e  v a l u e s  of t h e  i n s t a n t a n e o u s  v e l o c i t y  compo- 
n e n t s  u and v. Once t h e  c a l i b r a t i o n  w a s  implemented and t h e  i n s t a n t a n e o u s - v e l o c i t y  
v e c t o r  components computed f o r  each r a w  d a t a  p o i n t  p a i r ,  t h e  v a r i o u s  s i g n a l  s t a t i s t i c s  
were computed. It i s  noteworthy t h a t  wherever r e f e r e n c e  i s  made t o  an  average  v a l u e ,  * 

t h e  average  i s  computed u s i n g  t h e  "running average" formula: 

T h i s  s imply r e q u i r e d  t h a t  f o r  e v e r y  p o s s i -  
I b l e  A I D  r e a d i n g ,  t h e  King 's  l a w  c a l i b r a t i o n  be used t o  compute a cor responding  e f f e c -  

S ( a ( i ) )  = A ( i  = N s )  ( 1 4 )  ' where 

A ( i )  = A(i  - 1) + [ a ( i )  - A(i  - l ) ] / i  
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Average v a l u e s  of t h e  v a r i o u s  moments were computed as d e f i n e d  below: 

Su = S ( u ( i ) ) / N s  

Sv = S ( v ( i ) ) / N s  

Suu = S ( u ( i ) u ( i )  ) / N s  

Suv = S ( u ( i ) v  ( i )  ) / N s  

Svv = S ( v ( i ) v ( i ) ) / N s  

Suuv = S ( u ( i ) u ( i ) v ( i ) ) / N s  

S u w  = S ( u ( i ) v ( i ) v ( i ) ) / N s  

Using t h e s e  d e f i n i t i o n s ,  t h e  s i g n a l  s t a t i s t i c s  were t h e n  computed assuming n e a r l y  
i n f i n i t e  sample s i z e :  

- 
u = s u  

v = s v  
- 

u'2 = suu  - s u s u  

V l 2  = svv  - s v s v  
- 
u 'v '  = suv - s u s v  

U l 2 V '  = suuv - 2susuv - svsuu + 2svsusu 

U ' V ' 2  = s u w  - 2svsuv - susvv  + 2susvsv 

4 .  SAMPLE RESULTS FOR A PLANE M I X I N G  LAYER 

S e l e c t e d  r e s u l t s  of measurements made i n  t h e  n e a r - f i e l d  of a p l a n e  mixing l a y e r  
are presented  i n  f i g u r e  7 .  F i g u r e  6 d e p i c t s  t h e  s i t u a t i o n  and needed r e f e r e n c e  quan- 
t i t i e s .  The mixing-layer  v e l o c i t y  r a t i o  was about 2 :1 ,  w i t h  a maximum v e l o c i t y  of 
21 m/sec. R e s u l t s  f o r  b o t h  t r i p p e d  and u n t r i p p e d  i n i t i a l  boundary l a y e r s  are pre-  
s e n t e d  i n  f i g u r e  7.  

The p r o f i l e s  of mean v e l o c i t y  shown i n  f i g u r e  7 ( a )  were f i t t e d  t o  t h e  s i m i l a r i t y  
c o o r d i n a t e s  f o r  t h e  developed mixing l a y e r  as recommended by ,  f o r  example,  Townsend 
( r e f .  2 ) .  The f i t  r e s u l t s  i n  a c o l l a p s e  of t h e  mean p r o f i l e s  t o  t h e  e r r o r  f u n c t i o n  
shape  a t  s u c c e s s i v e  streamwise l o c a t i o n s ,  and t h e  growth r a t e  i n f e r r e d  from t h e  
r e s u l t i n g  t h i c k n e s s  parameter  can  b e  used t o  check t h e  measured v a l u e s  of u 'v '  
shown i n  f i g u r e  7 ( d ) .  The a c t u a l  v a l u e s  and t r e n d s  of  t h e  t u r b u l e n c e  q u a n t i t i e s ,  such  
as t h o s e  shown i n  f i g u r e  7(b-d) ,  measured u s i n g  t h e  p r e s e n t  system, compare extremely 
w e l l  w i t h  theory  and d a t a  from o t h e r  experiments .  F u l l  d e t a i l s  of t h e  measurements i n  
plane mixing l a y e r s  are g iven  i n  r e f e r e n c e  3 .  
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5. CONCLUDING REMARKS 

A sys tem f o r  r a p i d  computer ized a c q u i s i t i o n  and p r o c e s s i n g  of ana log  s i g n a l s  from 
a hot -wire  anemometer has  been developed.  Probe c a l i b r a t i o n  i s  a l s o  implemented i n  
t h e  system. C o r r e c t i o n  f o r  ambient t empera tu re  d r i f t  i s  implemented i n  t h e  s o f t w a r e .  
Complete c a l i b r a t i o n  and a c q u i s i t i o n  f o r  a t y p i c a l  20-point  p r o f i l e  r e q u i r e s  less t h a n  
60 min. 

Data acqu i red  w i t h  t h i s  system i n  a p l a n e  mixing l a y e r ,  i n c l u d i n g  t u r b u l e n c e  
measurements up t o  t h i r d - o r d e r  c o r r e l a t i o n s ,  a g r e e  w e l l  w i t h  theo ry  and e x i s t i n g  d a t a .  
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APPEND I X 

SOFTWARE FOR THE HP9845B DESK-TOP COMPUTER 

The HP9845B desk-top computer used i n c l u d e d  an  1/0 ROM and r a n  programs w r i t t e n  
"UWIRE," a program f o r  s i n g l e  hot-wire  d a t a  i n  BASIC. 

a c q u i s i t i o n  and real-time d a t a  r e d u c t i o n ;  "XWIRE," f o r  c a l i b r a t i o n ,  d a t a  a c q u i s i t i o n ,  
and s t o r a g e  of d a t a  u s i n g  t h e  c r o s s e d  hot-wire  CTA system; and YJVBAR," used t o  

Three programs are i n c l u d e d :  

I reduce  t h e  d a t a  from f i l e s  w r i t t e n  by t h e  d a t a  a c q u i s i t i o n  program "XWIRE." 

. 
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X-WIRE EQUIPMENT LIST 

3 

ITEM 
NO. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

MFG & MODEL 

NASA DESIGN 
(DISA 55P11) 

DlSA 55M10 

DlSA 55D31 

DlSA 55D26 

TEKTRONIX SC593 

TEKTRONIX PG508 

NASA DESIGN 

H P98032A 

HP9845B 

HP9895A 

CHANNEL 1 

DESCR I PTI ON 

MINIATURE X-WIRE WITH 5pm TUNGSTEN WIRES 
SINGLE MINIATURE HOT-WIRE WITH 5pm Pt-W SENSOR 

CONSTANT-TEMPERATURE BRIDGE 

DIGITAL VOLTMETER ( AVE RAG I NG ) 

SIGNAL CONDITIONER 

10 MHzSTORAGE OSCILLOSCOPE (2 CHANNEL) 

50 MHz PULSE GENERATOR 

LDV/A-D MUX AND 4-CHANNEL A-D WITH FAST 
SAMPLE- AN D-HO LD 

HIGH-SPEED 16-BI T PARAL LE L INTER FACE 

DESKTOP COMPUTER WITH 1/0 ROM INSTALLED 

FLOPPY DISK DRIVE 

CHANNEL 2 

- BNC CABLE - -  
Figure  1.- Crossed-wire sys tem hardware schemat ic .  
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PIN ARRANGEMENT I 
ROTATl ON 
JT Z-AXIS 

L X 

FOR ROTATION 
ABOUT Z-AXIS 

X 

LOADED VERTICAL 
STEM FOR 

YAW MOVEMENT 

YAW ANGLE 
MEASUREMENT I 

DEVICE 
CALIBRATED 
FOR 5 O  
INTERVALS 

ELEVATION PLAN-VI EW 

F i g u r e  2.-  NASA crossed-wire  probe and h o l d e r .  
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X-WIRE 
CONDIT IONED 
SIGNALS 

C H A N N E L 1  - 

CHANNEL 2 

TRIGGER 
FROM 
TEK PG508 

DIGITAL MULTIPLEXER INPUTS 16-BIT WORDS 

( j n i j [ j n i j  fl 
W O R D 3  W O R D 4  W O R D 5  W O R D 6  W O R D 7  W D R D B  

RIBBON CABLE 
I 

I& JUMPERS 

I \ 
I 

\ \qpq A I D  D I G I T A L  OUTPUTS 12  BITS 0 2 SCOMPLIMENT 0 \ 

CHANNEL 1 CHANNEL 2 CHANNEL I CHANNEL 4 

U 
OUTPUT TO 

P D P - l l / D R - l l B  

OUTPUT TO 
HP9845 98032A 

b 
I-- I I I I 

D E A D  TIME 
5 50. I EVENT RATE B 

TIME I N T E R V A L  

COUNTER CLOCK FREOUENCV 
EVENT RATE 

L 

L DV 

.DV EVENT INPUTS 

-6 6 6 
INHIBIT OUTPUTS E 

6 6 6  

-WORD STATUS- 

0 0 0 0 0 0 0 0  
1 2 3 4 5 6 7 8  

WORD DATA- 

0000000000000000 

EVENT ARM 
0 

0 1 2  3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5  

-HANDSHAKE STATUS- ?".. 
C l L  

CTLn PFLG PCTL HP " ROY GO ROSl  

COINCIDENCE RATE O l w r 0  
M A N U A L  EVENT RATE 

CEF 11 I 1 EVENT WARNING RESET 

E X 1  IN1 11 n o  lm 
GATETIME 0 

( T E R N A L  RESET 
l ~ p ~ ~  0 1 SEC 0 1 x  'OWE' 

N ASA-A RC 63 

UUSI 

0 

i 
I 30-LDV COMPUTER INTERFACE MOD B I _ _ _ _ _ _ _ _ _  ---- I 

INDICATES SELECTED OPERATING MODE 

HP98032A 
INTERFACE 

- 

F i g u r e  3 . -  NASA LDV-AID computer i n t e r f a c e  connec t ions .  
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ENTER REFERENCE QUANTITIES 

OHR, 01. T,,I 

I 

1 

HARDWARE CALIBRATION 

AIDZERO Zj 
GAIN 

OFFSET 
Gj 

Oi 

STATIC VELOCITY CALIBRATION 

FIT KING'S LAW 

DATA FILE WRITE 

0 OPEN FLOPPY DISK FILE 

0 WRITE CALIBRATION 

Kj, Eo2j, Nj, $ j  
0 TEMP SHIFT Sj AND YSTR 

I YAW CALIBRATION IN U-W PLANE I $uw, j 

CALI BRAT ION 

1 

DATA ACQUISITION 

ENTER LOCATION YSTR AND TNOW 

0 ACQUIRE DATA A (i, 1). i = 1, Ns 

0 COMPUTE TEMPERATURE CORRECTION 
SHIFT Sj 

1 

F i g u r e  4.- C a l i b r a t i o n  and d a t a - a c q u i s i t i o n  procedure.  
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NOTES: 

2) SIGN CONVENTION: 
"u+v" I S  CHANNEL 1 

START 11 j DENOTES CHANNEL NUMBER 

3) u AND v ARE THE IN-PLANE 1-1 COMPONENTS OF VELOCITY 

NEW CALIBRATION? ;+ 
I -1 

READ CALIBRATION CONSTANTS 

1' 0 1' I' I' I' I' I 
K. E 2. N. $ . .Z .  G .  0. I 

j = l , 2  

t 
CONSTRUCT LOOK-UP TABLE 

k = 1,4096 

READ TEMPERATURE SHIFT: Si 
READ RAW DATA: A (i, 1); i = 1, Ns AND j = 1.2 

I IMPLEMENT LOOK-UP CALIBRATION AND SHIFT 

U,ff (i. i l  = U,ff, [(A (i. i) + Si), I] I 
t 

COMPUTE U, v FROM U,ff 

COMPUTE SIGNAL MOMENTS I 

- - - 
u, v, u'2, v'2, u'v', u.2 v', v,2 u' 

1 

F i g u r e  5.-  Data- reduct ion  a lgor i thm.  
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